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Novel Roles for IFT Proteins
in Signal Transduction
Disruption of intraflagellar transport (IFT) results in
loss of flagella and cilia as well as their signaling ac-
tivity, making it difficult to assess possible roles of
IFT in signal transduction. In a recent issue of Cell,
Wang et al. (2006) used a temperature-sensitive IFT
mutant to separate flagella assembly from signaling
activity, and they show that IFT has a direct role in
forming signaling complexes in the flagella.
Cilia and flagella are microtubule-based organelles that
extend off the surface of eukaryotic cells. Cilia can be
motile, in which case they function in fluid and cell
movement. However, there are also immotile forms
that are referred to as primary cilia. The importance of
motile cilia in mucociliary clearance and cerebrospinal
fluid movement has been well documented, but the cel-
lular or clinical significance of the primary cilium, which
is present on nearly every cell in the mammalian body,
has been a matter of debate and was even considered
a vestigial organelle. Intense research efforts con-
ducted over the past decade have challenged this
view and revealed that dysfunction of primary cilia is
a pathogenic factor contributing to a rapidly expanding
list of human syndromes and developmental abnormal-
ities, including cystic kidney disease, hepatic and pan-
creatic defects, blindness, and obesity, as well as
polydactyly, neural tube closure and patterning abnor-
malities, and randomization of the left-right body axis.
Thus, this organelle has essential roles during both de-
velopment and postnatal life, although the mechanism
by which ciliary dysfunction results in the pathogenesis
of these diseases remains largely unknown. The current
paradigm is that cilia function as ‘‘cellular antennae’’
that detect extracellular stimuli. Indeed, the cilium is
highly enriched for signaling molecules including recep-
tors, channels, and their downstream effectors (Pazour
and Witman, 2003; Schneider et al., 2005). For several of
these pathways, loss of cilia inhibits cellular responses
to ligand stimulation (Haycraft et al., 2005; Schneider
et al., 2005).
The assembly and maintenance of flagella and cilia is
dependent on a highly conserved process referred to
as intraflagellar transport (IFT). IFT was first described
by the laboratory of Joel Rosenbaum and colleagues
as a transport system that mediates the bidirectional
movement of protein complexes between the base and
tip of flagella in the alga Chlamydomonas (Kozminski
et al., 1993; reviewed in Scholey, 2003). Since cilia and
flagella are devoid of ribosomes, IFT was considered
the delivery and retrieval system for structural proteins
of the axoneme and cilia signaling components. Analy-
ses of IFT proteins in Chlamydomonas and the nema-tode Caenorhabditis elegans showed that they are
both highly conserved and required for the assembly
and function of flagella and cilia. Analyses of homolo-
gous IFT proteins in mice and humans led to the dis-
covery that they localize to primary cilia in the kidney
(among other organs) and that mutations in genes that
encode IFT proteins represent a common pathogenic
mechanism leading to the formation of kidney cysts in
multiple human disorders. Thus, studies of model organ-
isms have provided important insights into the mecha-
nism behind one of the most common human genetic
diseases, polycystic kidney disease.
It seems likely that these model systems will also pro-
vide insights into the molecular mechanisms by which
cilia and IFT are involved in signaling, which in general
are poorly defined. It has been speculated that IFT and
the cilium may not have a primary function in signaling
activities and that the effect of IFT mutations on signal-
ing is due to a role for IFT proteins in the cytosol. Sepa-
rating these possibilities has been a major challenge;
however, data published in a recent issue of Cell
(Wang et al., 2006) provide clear support for active par-
ticipation of IFT in regulating signaling activity directly in
the Chlamydomonas flagella axoneme. Thus, as seen in
the case of cystic kidney diseases, Chlamydomonas
may once again provide a foundation for significant ad-
vances in understanding cilia- and flagella-mediated
signaling activity.
In addition to cell motility, flagella in Chlamydomonas
act as sensory transducers required for fertilization (Pan
and Snell, 2000). This occurs when sex-specific aggluti-
nins located on the surfaces of the two flagella cause
the flagella to adhere to one another. Wang and col-
leagues were able to identify protein kinase G (PKG)
as a flagellar protein that is rapidly phosphorylated in
response to flagella adhesion. Unlike previous analyses
of cilia-mediated signaling conducted in mice, worms,
and fruit flies, where comparisons were made between
cells with or without the cilium, these authors were
able to exploit a temperature-sensitive mutation in the
IFT kinesin. By shifting the algae to a nonpermissive
temperature, they were able for a short period of time
to analyze signaling activity in cells where the flagella
were intact but IFT was disrupted. Despite normal
flagella structure and adhesion, the signal failed to be
propagated in the absence of IFT. Furthermore, the
data show that in response to flagella adhesion, PKG
as well as the IFT proteins redistribute to a new com-
partment in the flagellum and, importantly, that the re-
distribution of PKG requires IFT. Whereas most studies
in other organisms documented the importance of cilia
in cell signaling, it was not possible to assess the role
of IFT in signaling since disruption of IFT also inhibits
ciliogenesis. This new study demonstrates that IFT
has a direct role in signaling and that it is not simply
a mechanism to build the axoneme.
These exciting findings address more than just the
importance of IFT in signaling. This research gets at
the much bigger issue of how ligand-induced signal
Developmental Cell
542transduction is regulated and compartmentalized in the
cilium or flagellum membrane, in the absence of the
specialized domains and machinery known to control
signaling at the membrane of the rest of the cell (i.e.,
coated pits, membrane vesicular structures, etc.). In
addition, these data have major implications for the
understanding of signal transduction in the mammalian
cilium. This is an especially important issue in light of
recent results demonstrating that PDGF-A, Sonic
hedgehog (Shh), and possibly many other pathways
require cilia for normal activity (Haycraft et al., 2005;
Pazour and Witman, 2003; Schneider et al., 2005). For
example, recent reports have revealed that Smooth-
ened, a transmembrane protein involved in the Hedge-
hog pathway, translocates to the cilia in the presence
of Shh and that all three of Hedgehog’s Gli-type tran-
scriptional effectors localize to a domain at the tip of
the cilium (Corbit et al., 2005; Haycraft et al., 2005;
Huangfu and Anderson, 2006). Thus, it has been specu-
lated that the tip of the cilium is a specialized compart-
ment where ligand-induced modifications of the Gli
proteins occur in response to Shh. Indeed, loss of cilia
is known to inhibit Gli2 activity and processing of Gli3;
however, due to the limitations of the mammalian sys-
tem, it is not yet feasible to evaluate direct involvement
of IFT proteins in this process. It is tempting to specu-
late that, as seen for PKG in Chlamydomonas, there is
an IFT-dependent recompartmentalization of the Gli
proteins (or equivalent proteins in other pathways) inDevelopmental Cell 10, May, 2006 ª2006 Elsevier Inc. DOI 10.1016/
Grasp a pTyr-Peptide by Its SOCS
Signaling via suppressors of cytokine signaling
(SOCS) is an important negative feedback system for
cytokine-mediated signal transduction. Recently in
Molecular Cell, Babon et al. (2006) described the ter-
tiary structure of SOCS3 in complex with a phospho-
tyrosine-containingpeptide from the IL-6 receptor sub-
unit gp130, and they identified the specific amino acids
that are critical for binding.
Cytokines are secreted glycoproteins that play crucial
roles in development, immune responses, hematopoie-
sis, endocrine function, inflammatory responses, and
a variety of diseases. Binding of cytokines to their recep-
tors results in the oligomerization of receptor subunits
and activation of the Janus family tyrosine kinases
(JAK) constitutively associated with receptors. Subse-
quent tyrosine phosphorylation of receptor cytoplasmic
domains gives rise to the formation of SH2 domain bind-
ing sites for a variety of signaling molecules. One of the
major signaling molecules in cytokine signaling is the
‘‘signal transducers and activators of transcription’’response to ligand that regulates pathway activity.
Overall, the data in the Wang et al. (2006) publication
will have a major impact on how we perceive the func-
tions of IFT in some of the most critical pathways re-
quired for normal development and tissue homeostasis
in postnatal life.
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(STAT) family of latent transcriptional factors (STAT1-
6). STATs recruited to the receptors are then tyrosine
phophorylated by JAKs and translocated to the nucleus
to induce transcription of target genes (Sehgal et al.,
2003) (Figure 1A). Since prolonged and enhanced activa-
tion of cytokine signaling causes detrimental biological
consequences including autoimmune and inflammatory
disease, the pathway must be tightly regulated. One
feedback inhibitor induced by STATs is called ‘‘suppres-
sor of cytokine signaling’’ (SOCS).
The SOCS family consists of eight members: SOCS1–
SOCS7 and cytokine inducible SH2 protein (CIS) (Alex-
ander and Hilton, 2004; Elliott and Johnston, 2004;
Yasukawa et al., 2000). SOCS family members share
a common architecture, including a central SH2 domain
and a C-terminal SOCS box. In addition, SOCS3 has
a 12 residue kinase inhibitory region (KIR) followed by
an extended SH2 subdomain (ESS) (Figure 1A). Thus, in-
duced SOCSs inhibit cytokine signaling, although the
mode of the inhibition can vary among family members.
For example, SOCS1 directly binds to JAK, while
SOCS3 uses its SH2 domain to bind phosphorylated ty-
rosine (pTyr) residues in receptors such as gp130 (Y759),
LeptinR (Y985), and EpoR (Y401), just as SOCS2 binds
to Y595/Y487 of the growth hormone (GH) receptor.
